Introduction
[2] The silicic acid leakage hypothesis (SALH) , that may explain up to 60 ppm of the glacial pCO 2 drop , proposes that lower silicic acid, Si(OH) 4 , and greater nitrate, NO 3 À , utilization in Southern Ocean surface waters during glacial times increased the Si(OH 4 ):NO 3 À ratio of waters escaping the Southern Ocean, thereby favoring the growth of diatoms over calcifying phytoplankton at low latitudes.
[3] The SALH is composed of two distinct parts that must each be validated. The first part involves biological processes in the Antarctic and Subantarctic zones whereby changes in the phytoplankton community from diatoms to non-siliceous organisms [Anderson et al., 2002] or changes in diatom physiology [e.g., Brzezinski et al., 2003] due to greater glacial dust input [Petit et al., 1999] act to decrease silicic acid uptake leaving Antarctic Surface Waters (ASW) enriched in Si(OH) 4 during glacial times . The second component of the SALH [Nozaki and Yamamoto, 2001; Matsumoto et al., 2002] is the incorporation of the Si-enriched ASW into SAMW and AAIW that flow northward propagating the changes occurring in the Southern Ocean to the thermocline region of low latitudes. The power of Southern Ocean intermediate waters to affect phytoplankton production on a global scale was recently affirmed by modelling studies that showed that the nutrients delivered by SAMW support three quarters of the marine primary productivity occurring north of 30°S latitude in the present day ocean including that occurring in the highly productive coastal upwelling regions off South Africa and South America [Sarmiento et al., 2004] .
[4] Recent papers demonstrate that opal accumulation beneath low latitude upwelling systems in the Pacific was reduced during glacial periods [Pichat et al., 2004; Bradtmiller et al., 2006; Kienast et al., 2006] when the potential for Si leakage from the Southern Ocean was greatest (C. Beucher et al., Silicic acid dynamics in the glacial Subantarctic: Implications for the silicic acid leakage hypothesis, submitted to Global Biogeochemical Cycles, 2006, hereinafter referred to as Beucher et al., submitted manuscript, 2006) . One possible explanation is that El Niño-like conditions during the last glacial in the equatorial Pacific Ocean may have reduced upwelling along the equator and in the eastern tropical Pacific sufficiently to counteract the effects of Si leakage [Bradtmiller et al., 2006, and references therein] . Alternatively, changes in circulation in the Southern Ocean may have truncated Si leakage at its source. Indeed, previous studies on the SALH and on its impact on glacial atmospheric pCO 2 levels Matsumoto et al., 2002] did not consider variations in the formation rate of SAMW on glacial-interglacial timescale. However, changes in heat loss to the atmosphere [Karstensen and Quadfasel, 2002] and in surface salinity [Shin et al., 2003a [Shin et al., , 2003b during glacial periods may have altered SAMW and AAIW formation rates significantly. We here compare down-core records of Si(OH) 4 utilization in ASW [De La Rocha et al., 1998; Beucher et al., submitted manuscript, 2006 ] to a set of down-core records of opal accumulation from low latitude upwelling regions [Romero et al., 2003; Pichat et al., 2004; Kienast et al., 2006] , and to down-core records of SAMW and AAIW formation rates [Martinez, 1997; Pahnke and Zahn, 2005] to demonstrate that increases in the silicic acid content of Southern Ocean surface waters were offset by declines in the formation rate of intermediate waters, which would lessen the influence of silicic acid leakage from the Southern Ocean on opal production at low latitudes. The impact of reduced ventilation of Southern Ocean intermediate waters on atmospheric pCO 2 levels is beyond the scope of this paper, in which we focus on the relationships between nutrient cycling in the Southern Ocean, ventilation of Antarctic intermediate waters and biological productivity at low latitudes. Si records from core RC13-259 from the Antarctic Atlantic is used to document silicic acid cycling on a longer time scale to better match the time scale of records of opal accumulation and intermediate water formation rates. That core is located in the Atlantic sector and thus it may provide slightly different interpretations on nutrient cycling. We here present the records as percent changes from the last glacial period to facilitate comparisons among records.
Material and Methods
[6] Opal records from core GeoB3606-1 [Romero et al., 2003] and from cores ODP849, VNT01-8PC, TR136-19 and TR163-31 [Pichat et al., 2004; Kienast et al., 2006] are from the Lüderitz cell of the Benguela upwelling system (BUS) and the eastern equatorial Pacific upwelling (EEP), respectively. Both regions are under the influence of Southern Ocean intermediate waters [Sarmiento et al., 2004] . More precisely, the water that upwells in the BUS has two origins whereby less intense upwelling cells derive their water from the Atlantic Central water [Lutjeharms and Valentine, 1987] while more intense upwelling cells such as the Lüderitz cell derive their water from greater depths, i.e. SAMW and AAIW [Lutjeharms and Meeuwis, 1987] . The water that upwells in the EEP is mainly the lower branch of the Equatorial Under-Current that derives its nutrient content from the SAMW after transport as part of the New Guinea Coastal Under-Current [Toggweiler et al., 1991; Dugdale et al., 2002] . Si-rich source waters from the North Pacific conversely feed the upper branch of the Equatorial Under-Current that upwells in the Central Equatorial upwelling [Dugdale et al., 2002] minimizing the influence of the Southern Ocean on nutrient dynamics in this zone.
[7] Past variations in SAMW formation rates is deduced from the positive relationship between the percentage of G. truncatulinoides and the extent of the SAMW thermostad [Lohmann and Schweitzer, 1990] . It has been shown that G. truncatulinoides is a deep-dwelling species whose distribution is related to mode water thermostats (a term that indicates a thick layer of homogenous temperature). Higher percentages of this species indicate deeper thermostads and therefore more intense SAMW formation rates [Martinez, 1997] . Down-core records of G. truncatulinoides relative abundances are from the Tasman Sea (Figure 1 ), i.e. in the northward flow path of SAMW and AAIW toward its confluence with the New Guinea Coastal Under-Current.
[8] Past variations of AAIW formation rate is examined using the benthic foraminiferal carbon isotope ratio (d 13 C benth ) of a mid-depth core from Chatham Rise, east of New Zealand (core MD97-2120) [Pahnke and Zahn, 2005] . The core is located in the northern Subantarctic Zone in the Southwest Pacific at a water depth of 1210 m, near the C of total dissolved inorganic carbon in the ocean that is controlled by biological nutrient cycling and water mass chemical aging [Kroopnick, 1985] . This makes d
13
C benth a valuable proxy to reconstruct past water mass variability when changes in preformed nutrient concentration in the source region are constrained. Changes in preformed nutrient concentration in the Subantarctic source region should be reflected in planktonic d 13 C records from these areas [Spero and Lea, 2002] , which strongly correlate with the planktonic d 13 C record of core MD97-2120. These planktonic d 13 C records show no obvious correlation with the benthic mid-depth d 13 C record, demonstrating that preformed d 13 C changes are not responsible for the d 13 C benth variations on Chatham Rise. More details on the core stratigraphies, on the protocols used to reconstruct the different records and on rationales of each proxy can be found in the original papers. (Figure 2, curve a) . The silicic acid content of intermediate waters during MIS 3 was therefore certainly reduced compared to the last glacial.
Results and Discussion
[10] Records of biogenic opal accumulation in the BUS and the EEP (Figures 2, curves [11] We suggest that changes in the flux of SAMW and AAIW escaping the Southern Ocean and in their upwelling at low latitudes played a greater role in determining low latitude diatom production than did the silicic acid content of these water masses. To support this hypothesis, we compared records of d [12] Records of relative abundances of G. truncatulinoides from the northern Tasman Sea provide some insight on past variations in SAMW dynamics [Martinez, 1997] . These records show high relative abundances during the 70-40 kyr BP period (Figure 3 , curve d) when greatest opal burial is found in low latitude upwelling systems (Figure 3 , curve b) and low relative abundances since 30 kyr BP, in agreement with low opal deposition at this time. This [Pahnke and Zahn, 2005] , and of relative abundances of the deep-living foraminifera Globorotalia truncatulinoides in cores RC12-113 and DSDP site 591 from the northern Tasman Sea (curve d) [Martinez, 1997] . relation does not hold during MIS 4, when G. truncatulinoides abundances are high, but opal accumulation at low latitudes is low. If AAIW formation was strongly reduced at this time, as suggested by mid-depth d 13 C benth , it may account for decreased productivity at low latitudes.
[13] Given the generally low Si(OH) 4 content of intermediate waters, it is possible that intense fluxes of both SAMW and AAIW are necessary to supply enough silicic acid to support diatom production in low latitude environments as both water masses feed low latitude upwelling. Lutjeharms and Valentine [1987] and Lutjeharms and Meeuwis [1987] showed that more intense upwellings draw water from greater depths. Based on grain size analysis, Pichevin et al. [2005] suggest greater trade-wind activity off southwest Africa and greater BUS intensity during the 70-30 kyr BP period. After 30 kyr BP, decreasing wind strength and resulting upwelling intensity may have shifted the origin of the upwelled water from AAIW to SAMW. It is accepted that the main nutrient supply to these upwelling zones today is SAMW [Sarmiento et al., 2004] , but there is currently no data to suggest that this was the case in the past.
[14] Antarctic Intermediate Water is formed by the northward advection of fresh and cool ASW and cross-frontal sinking at the Subantarctic Front, after which this water mass flows northward at depths between 800 -1200m [Sloyan and Rintoul, 2001] . Reduction in the rate of AAIW formation during the last glacial period may be linked to homogenisation of surface water density gradients across the Polar Frontal Zone [Shin et al., 2003a [Shin et al., , 2003b as a result of increased meltwater in the Antarctic and southern Subantarctic zones because of an enhanced seasonal sea ice cycle [Gersonde et al., 2005] . Indeed, modelling studies demonstrate that greater Ekman-driven injection of fresher and cooler ASW into the Subantarctic Zone during glacial periods results in a strong freshening and lightening of surface and subsurface waters to depth of 1000 m deep north of 50-45°S consistent with a lower AAIW formation rate during glacial times [Shin et al., 2003a [Shin et al., , 2003b . The good agreement between the diatom-based SST records and the d 13 C benth record (Figure 2 ) additionally confirms the link between Antarctic sea-surface conditions and AAIW formation [Pahnke and Zahn, 2005] .
[15] Subantarctic Mode Waters are formed on the equatorward side of the Antarctic Circumpolar Current by deep mixing of warm and salty Subantarctic Surface Waters in winter [McCartney, 1977] . The ocean-to-atmosphere thermal gradient, which determines the amount of heat loss from the ocean and therefore the increase in density, is a key process forming SAMW [Karstensen and Quadfasel, 2002] . Subantarctic Mode Waters are transported northward on top of AAIW at depths between 400 -800m [Trull et al., 2001] . It is not clear why SAMW formation rate does not seem to follow climatic cycles. Although the decreasing trend in SAMW fluxes during the last 60 kyr may be related to reduction of the thermal gradient between the ocean and the atmosphere and to injection of low salinity surface waters into the southern Subantarctic Zone, it is surprising that SAMW fluxes are low during the Holocene when one would expect greater formation rates due to greater heat loss to the atmosphere and presence of more salty surface waters. Better records of SAMW formation rate are needed to better understand SAMW past history and to document possible shifts in intermediate waters dominance into supplying nutrients to low latitudes.
Conclusion
[16] We show that biogenic silica accumulation in low latitude regions of the Southern hemisphere have been influenced by shifts in the rate of formation of Antarctic intermediate waters over the past 80 kyr BP. Highest opal accumulation in low latitude upwelling systems occurred when the rate of formation of AAIW and SAMW were strong, but when their silicic acid content was relatively low. Conversely, low silica burial occurred during periods of high Si(OH) 4 concentration in intermediate waters, but of weak AAIW and SAMW formation rates. Despite some limitations inherent to the distribution of the cores examined, our investigation suggests for the first time that Si leakage and its impact on siliceous phytoplankton production at low latitudes was strongly dependent on the flux of intermediate waters escaping the Southern Ocean. Biological processes occurring in the Southern ocean, though important in controlling the Si(OH) 4 :NO 3 À ratio of intermediate waters, may be less important than changes in oceanic circulation in driving low latitude diatom productivity.
[17] Our findings suggest that declines in intermediate water flux significantly affect the biological production in low latitude upwelling system. The impact on past atmospheric CO 2 levels is less clear as atmospheric pCO 2 concentrations are greatly dependent on ocean alkalinity which is in turn linked to the carbonate-to-organic carbon ratio. The reaching of our hypothesis on atmospheric pCO 2 concentrations needs to be quantified through model experiments in which intermediate waters flux is allowed to decline synchronously as the Si(OH) 4 :NO 3 À ratio of ASW increases.
